SUMMARY
INTRODUCTION
The grayish-blue colored small pigmented region of the fourth ventricle floor, the locus coeruleus (LC), includes a cluster of about 1600 neurons per nucleus in rats, several thousand in monkeys, and 10,000 to 15,000 in humans (Foote et al., 1983 ; for review see Berridge & Waterhouse, (C) 2004 Freund & Pettman, U.K. 2003). These neurons contain norepinephrine (NE), as shown by Dahlstrom and Fuxe in 1964 (1964) , and are the origin of widespread nerve terminals in the mammalian brain and spinal cord .
Norepinephrine neurons give rise to two major bundles, the dorsal and ventral one. The former (dorsal tegmental bundle) originates from LC neurons and terminates in many regions of the forebrain, cerebellum, and spinal cord (Cerbone & Sadile, 1994) . The latter or central tegmental tract originates from diffuse NE cell groups in the pons and medulla and terminates in the hypothalamus and spinal cord (Mason, 1981) .
Norepinephrine LC cells fire monotonically (2-4Hz in the tonic mode) in relation to stages of sleep and waking, with the highest rates occurring during wakefulness (Robbins, 1997) . Moreover, LC cells respond to novel or noxious stimuli, conditioned stimuli, and appetitive events (Robbins, 1997; Bouret & Sara, 2002) . They play, in fact, regulatory effects on attention and arousal, fear and anxiety, information storage and locomotor activity (for review see Mason, 1981; Cerbone & Sadile, 1994; Sadile, 1996; Robbins, 1997) .
Several drugs interfere with the NE system. The psychostimulant amphetamine and the dopamine (DA) transporter blocker, methylphenidate, inhibit LC firing (Lacroix & Ferron, 1988) . Interestingly, both drugs are largely used in the treatment of a disorder characterized by hyperactivity and inattention, known as attention deficit hyperactivity disorder (ADHD). As a consequence, the possibility that ADHD represents a NEergic disorder has been recently discussed (Biederman & Spencer, 1999) .
Attention deficit hyperactivity disorder is a neurodevelopmental problem diagnosed in to 3 percent of children (Castellanos& Tannock, 2002; Sergeant et al., 2003 The existence of a PFc in rodents has been widely debated (Brown & Bowman, 2002; Uylings et al., 2003) . In particular, the human PFc can be divided into different subregions, which share a common input represented by the mediodorsal thalamie nucleus (Uylings et al., 2003) . In rats, however, the latter projects only to the medial and orbital frontal lobe, but not to dorsolateral regions.
The PFc has been involved in attention, decision making (Mulder et al., 2003) , temporal organization of behavior (Fuster, 2000) , working memory (Goldman-Rakic, 1996) , and reversal learning (McAlonan & Brown, 2003) . (Deacon et al., 2003) . Lesions of the dorsomedial (anterior cingulate) PFc impair discriminative accuracy, whereas the ventromedial (infralimbic) region sustains inhibitory control (Chudasama et al., 2003) . Orbitofrontal lesions impair behavioral flexibility, leading to perseverative tendencies, thus decreasing performance in various learning and memory tasks (Chudasama et al., 2003; Vafaei & Rashidy-Pour, 2004 ). Lesions of the dorsolateral PFc lead to shifting strategy alterations, impairing behavioral flexibility in rats. Conversely, a corresponding lesion in humans impairs working memory.
The activity of the PFc is modulated by a set of subcortical systems comprising acetylcholine-, DA-, 5-hydroxytryptamine (5-HT)-, NE-, and histaminecontaining neurons (Robbins, 1997; Uylings et al., 2003) . Recently, a sixth system has been characterized, originating from the lateral hypothalamus, which releases glutamate and orexin (also called hypocretin) as neuromodulat6rs (Torrealba et al., 2003) . All derive from a relatively small number of neurons with a terminal arborization that allows the innervation of the entire forebrain and spinal cord. These subcortical systems partially share target regions and influence each other in a very complex manner. In particular, NE neurons from the LC project to almost the entire neocortex, and the NE terminals are denser in layers IV and V, although the laminar distribution is less evident in rodents (Foote et al., 1987) . Th is widespread input to the cortex differs from the DA input, which is restricted at the cortical level to the medial PFc (Bjorklund & Lindvall, 1984) . The only cortical areas that project back to the LC are the same medial PFc in rats and the dorso-lateral PFc in primates (Amsten, 1997) . Interestingly, the orexin system also interacts with both DA (Fadel & Deutch, 2002) and NE systems (Monda et al., 2004) . Finally, the PFc receives input also and projects back to the reticular formation (Newman et al., 1989; Gritti et al., 1997) .
Electrophysiologieal evidence shows that PFe neurons e activated during the delay period of a delayed-response trial (see Goldman-Rakie, 1996) , thus suggesting its involvement in working memory functions. Recent data would also suggest a direct involvement in reward-directed learning.
In fact, neurons in the PFc increase their firing rate at the presentation, whereas they reduce the firing rate from the conditioned-stimulus presentation up to the reward delivery, aider the task has been learnt (Mulder et al., 2003) . Thus, the PFc has access to reward stimuli. In fact, a loop has been anatomically and functionally described, involving the PFc, striatum, globus pallidum, and substantia nigra (the striatal output), the thalamus (ventromedial nucleus), and back to the PFc (Uylings et al., 2003) . This circuit is thought to link motivationally relevant stimuli to motor areas (Kalivas et al., 1993 (King et al., 2000) and (b) increased NE activity in the PFc (Russell, 2000 (Lee et al., 1998) , and there is a tonic release of NE in the VTA (Reith et al., 1997) . Indeed, morphological evidence supports a direct projection from the LC to the VTA (Phillipson, 1979) . In addition, direct projections from the VTA to the LC exist (Swanson, 1982) and are able to excite NE neurons (Deutch et al., 1986) .
The nucleus accumbens is the target of DA neurons from the VTA and NE neurons from the nucleus tractus solifarius (NST) (Berridge & Waterhouse, 2003) . Thus, local injection of adrenoceptor agonists modulates DA release (Yavich et al., 1997) , and, conversely, DA modulates the release ofNE (Vanderschuren et al., 1999) . (Hirsch, 1998) (Kobayashi, 1995; , (Thomas, 1997) (Kobayashi, 1994) (Takahashi, 1997) (Xu, 2000) (Zwart, 2001) (Gogos, 1998) (Cases, 1998) (Carson, 2002) (Drouin, 2002) (Zuscik, 2000) Impaired response to noxious stimuli (Tanoue, 2002) a 2a--a 2c a 2c++ KO knockout, DA dopamine, NE norepinephrine -: no changes; >: increased; <: decreased (Schramm, 2001; Lahdesmaki, 2002;  Davies 2003) (Sallinen, 1999) (Sallinen, 1999) 
Synthesis and clearance
Norepinephrine is synthesized from L-dihydroxyphenylalanine (L-DOPA), which is first converted to DA by the enzyme tyrosine hydroxylase (TH) and then to NE, through the action of the enzyme DA-beta-hydroxylase. Therefore, perturbations in TH (see below, TH KO) will affect the synthesis of both NE and DA. In fact, TH KO mice lack both DA and NE (Kobayashi et al., 1995; Zhou, 1995a (Thomas et al., 1998) . The mice are hypersensitive to the behavioral effects of amphetamine (Weinshenker et al., 2002 ) and susceptible to seizure-inducing stimuli (Szot et al., 1999) .
Reboxetine and other antidepressants have no effect in DBH KO mice (Cryan et (Lahdesmaki et al., 2002) .The resting levels of NE are normal, but the NE turnover is increased (Lahdesmaki et al., 2002) , and the NE LC neurons are hypertrophic (Davies et al., 2003) . Anxiety tests in these animals suggest that a2a is stress protecting (Schramm et al., 2001 ).
Targeted inactivation ofthe a2c receptor leads to normal or increased locomotor activity, and supersensitivity to amphetamine (Sallinen et al., 1999 (Kaehler et al., 2000) , although the turnover can be elevated. The firing rate of these neurons is normal (Conti et al., 1997) or lower (Olpe et al., 1985) . The TH levels are increased in the medulla (Kumai et al., 1996 (Kumai et al., , 2003 and around vessels (Gradin et al., 2003) but decreased in the PFc (King et al., 2000) . Recent data also report lower amounts of TH in a bounded postnatal period (Leo et al., 2003) . The NE levels are normal in the solitary tract (Dev & Philip, 1996) but elevated in the median preoptic area (Tanaka et al., 2002) , striatum and brainstem (Howes et al., 1984) . The release of NE per varicosity might be increased (Jimenez-Altayo et al., 2003) . The {X receptors in the cortex of SHR are increased (Hellstrand & Engel, 1980) , a datum that contrasts with the hypoactivity of lb over-expression in mice. Some of these alterations might explain the elevated blood pressure in these .animals, but do not correlate with the hyperactivity (Reja et al., 2002) .
The data presemed in Table 2 raise the question about why ADHD subjects respond to pharmacological agents that modify the NE system. In order to address this point, we will show data about the biochemical and behavioral effects of NET blockers and revise these effects from the view-point of an alteration in the attentional networks. (Wong et al., 2000) . In contrast, the affinity of the psychostimulant methylphenidate is higher for the DAT than for the NET (Bymaster et al., 2002) .
Reboxetine and atomoxetine exert a similar action on the levels of NE and DA in the PFc, but differ as regards the effects on 5-HT levels. In fact, both reboxetine and atomoxetine enhance DA output in the PFc, but not in the accumbens (Kuczenski & Segal, 1995; Wong et al., 2000) . Possibly this effect is dependent on a blockade of DA reuptake by the NET in the PFc, a mechanism absent in the striatum, where NE terminals are few (Carboni et al., 2003) . It is possible, however, that indirect mechanisms intervene, as 2-adrenergic antagonists also increase DA release in terminal fields (Shi et al., 2000; Linner et al., 2001) .
The increased DA level is accompanied by an increased burst firing but not an average firing frequency of DA cells in the VTA (Linner et al., 2001) . Similar changes might be responsible for altered reward perception, with a mechanism similar to methylphenidate (see also companion paper (Viggiano et al., 2004 this issue) .
Similarly, the blockade of NET by these drugs increases the levels of NE (Kuczenski & Segal, 1995) . High doses lead to a reduction of the firing rate of LC NE cells and 5-HT cells in a dosedependent relation (Wong et al., 2000) , an effect similar to that of other stimulants (Aston-Jones & Bloom, 1981) . Interestingly, a2-adrenergic antagonists and methylphenidate (Kuczenski & Segal, 2001 ) also enhance NE release (Thomas, 1991) .
Reboxetine does not lead to increased extracellular levels of 5-HT (Kuczenski & Segal, 1995 Other therapies primarily affect the NE system, thus indirectly modulating the DA system. In fact, NE a2-agonists like guanfacine (Hunt et al., 1995) are also effective in the treatment of the disorder.
TABLE 2
Changes of the norepinephrine system in SHR rats LC (Kaehler, 2000) NE content in LC (Kaehler, 2000) Release ofNE in LC NE turnover in LC > (Kaehler, 2000) Firing rate of LC neurons .Cona, 1997) < (Olpe, 1985) NE in striatum, brainstem >nowes, 1984) Release of 5-HT > (Reja, 2002) > (Kumai, 1996) TH in medulla oblongata TARGETS (Dev, 1996) (King, 2000) Alfa-1 receptors in cortex > (Tanaka, 2002) < (Russell, 2000) > (Jimenez-Altayo, 2003) >(Cn 'adin, 2003) TH activity in adrenal medulla > (Reja, 2002; Kumai, 2003) > (Hellstrand, 1980) Correlation of TH 8ene ,,expression of blood pressure Table 3 ). The data suggest different activity of the NE system in the SHR versus NHE lines. In fact, SHR and NHE rats have different responses, reflecting different neural substrates. The differential sensitivity of these two lines to reboxetine could be due to a different involvement of the DA and NE systems in these animals. Although the effects of the NET blockade are similar in both the hyperactive SHR and the control rats, the main effects are evident in NHE rats, but not in their NRB controls.
The overall results would suggest that the NE system is similar in SHR and WKY rats, whereas differences exist between NHE and NRB rats. Alternatively, the interaction between the NE and DA systems is altered in NHE rats. These conclusions are in agreement with previous suggestions that an alteration of the NE system in adult SHR rats is indeed linked to the hypertensive phenotype but not to hyperactivity.
As both the NE and the DA systems are involved in arousal, attention, and cognitive functions, the drugs may act on two different pathways, thus changing the level of motivation (Wong et al., 2000) . In fact, the LC-NE system is sensitive to novel environmental stimuli. An enhanced NE neurotransmission in a novel environment (see Lt maze) decreases attention to an individual object, increasing the scanning of the environment (Berridge & Waterhouse, 2003) .
Therefore, the lower frequency of rearings and the increase of their duration in NHE rats may indicate a lower firing rate of LC neurons, whereas the changes in SHR and WKY rats can be explained by the involvement of other systems, such as DA. The data lead to the suggestion that the positive effects of NEergic drugs may be due to an indirect action on the DA system. Nonetheless, further research is warranted by these findings to disentangle this intricate issue.
